guiding the eyes across a large range of font sizes. Here we test whether saccade amplitude is also invariant against manipulations of font size during reading Chinese, a character-based writing system without spaces as explicit word boundaries for saccade-target selection. In contrast to word-spaced alphabetic writing systems, saccade amplitude decreased significantly with increased font size, leading to an increase in the number of fixations at the beginning of words and in the number of refixations. These results are consistent with a model which assumes that word beginning (rather than word center) is the default saccade target if the length of the parafoveal word is not available.
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Font Size Modulates Saccade-Target Selection in Chinese Reading
One intriguing perceptual phenomenon related to reading is that text-based or relative saccade amplitude measured in number of letters that a saccade covers apparently does not depend on font size-at least within the usual range. Saccade amplitude regulates the number of fixations and, therefore, is a close correlate of reading speed.
Arguably, the reason for this invariance is that the increase in visibility associated with large font size is (almost perfectly) traded off against a decrease of visual acuity associated with the font-size-related shift of letters and words towards more eccentric positions relative to the fixation position (O'Regan, 1990) . Consequently, number of letters (rather than angular size) is used as the metric of saccade amplitudes in reading research. One limitation associated with these results, however, is that the invariance of relative saccade amplitude for different font sizes has been demonstrated only for spaced alphabetic scripts. Spaces, however, provide a very powerful, low-spatial frequency demarcation of parafoveal word boundaries for the usual range of font sizes. With precise word boundaries, saccades can be programmed for the word centers, allowing readers to maintain their normal reading style under a variety of font sizes. Conversely, if precise word boundaries are not available like in writing systems without spaces between words, the change in saccade target selection may reveal effects of font size.
In this article, we ask whether font size modulates the selection of saccade targets in reading Simplified Chinese 1 . The expectation is that font-size invariance may not hold for this writing system due to the lack of spaces between words and the effects of Font size effects in Chinese reading 4 this difference on the selection of saccade targets (Yan, Kliegl, Richter, Nuthmann, & Shu, 2010) . Yan et al. (2010) argued that, depending on failure or success with segmentation of parafoveal word boundaries, readers of Chinese dynamically select either the beginning or the center of words as saccade targets. This proposal was supported empirically by a strong tendency to fixate at the word center in single-fixation cases and at the word beginning in multiple-fixation cases. Moreover, the preferred viewing location (PVL; Rayner, 1979) of the first fixation in multiple-fixation cases was at the word beginning, similar to what had been reported for reading of unspaced English text and Japanese text written without word boundaries (Kajii, Nazir, & Osaka, 2001; Saino, Hyönä, Bingushi, & Bertram, 2007) . In summary, if the end of the next word is not known, the beginning of the next word may be the most informative region and therefore be selected as the primary saccade target.
In contrast, research on eye-movement control in reading of spaced alphabetic scripts strongly suggests that saccades are directed at the word center with the peak of a Gaussian distribution of landing positions slightly left of word center (Rayner, 1979) . Saccades do not land precisely at their intended target location due to systematic range error associated with the saccade amplitude and with noise in the perceptual or oculomotor system (McConkie, Kerr, Reddix, & Zola, 1988) . Recently, Engbert and Krügel (2010) showed that the saccadic range error associated with variation of within-word fixation positions can be derived as the result of saccade programming according to a Bayesian model that optimally reconciles visual and Font size effects in Chinese reading 5 oculomotor processing constraints. In summary, when reading spaced alphabetic script, word centers are generally taken to serve as the basic unit for saccade targeting during reading (McConkie et al., 1988; O'Regan & Lévy-Schoen, 1987; Reichle, Rayner, & Pollatsek, 1999 ; but see also Yang & McConkie, 2004 amplitude measurements between normal reading and gaze-contingent parafoveal magnification (PM) conditions in which the size of parafoveal letters were enlarged as a function of their eccentricity from current fixation. They found that the absolute saccade amplitude for PM was significantly longer than that for normal texts but the relative saccade amplitude was similar between these two conditions, replicating results from earlier studies. The only exception to the general pattern was that saccades were longer for a magnification factor of 7.5 compared to one of 3 in a study by Mohammed and Dickinson (2000) in which participants were wearing magnifiers Font size effects in Chinese reading 6 during reading.
Obviously, word-based targeting depends on the availability of information about the beginning and the end of the target word. The spaces between words in alphabetic scripts provide exactly this information. Removing space information not only reduces reading speed significantly (Epelboim, Booth, & Steinman, 1994; Epelboim, Booth, Ashkenazy, Taleghani, & Steinman, 1997; Rayner, Fischer, & Pollatsek, 1998; Rayner & Pollatsek, 1996) , but more importantly, the PVL curve decreases sharply and linearly from the beginning to the end of the word, because it presumably impedes the identification of the beginning and end of a given word which is necessary to delineate the saccade target Rayner & Pollatsek, 1996) .
Here we propose that the strong signal associated with word boundary (i.e., visually low spatial frequency information of the space between words) may actually contribute to the independence of font size and relative saccade amplitude as far as saccade target selection in reading of alphabetic scripts is concerned (O'Regan, 1979 (O'Regan, , 1980 Rayner, 1979) . Therefore, we manipulated the font size of Chinese sentences to check whether the invariance of relative saccade amplitude also holds for a writing system that does not use spaces to separate words.
The Chinese script uses characters with square-shaped forms of different levels of visual complexity as the basic writing units; they occupy the same amount of horizontal extent irrespective of their visual complexity. One of the most apparent characteristics of Chinese script is the lack of spaces between words or other explicit Font size effects in Chinese reading 7 information indicating word boundaries in orthography. For example, Huang (2000a, 2000b) observed benefits of reading speed by insertion of inter-word spaces for difficult and ambiguous sentences. Bai, Yan, Liversedge, Zang, and Rayner (2008) slowed reading by inserting spaces that generated nonwords. These studies demonstrated the relevance of word units in the script and suggest that parafoveal word-boundary information is used for target selection.
The present study is a follow-up and an extension of Yan et al. (2010) to test the effects of visual acuity limits on eye movement control of saccade target selection in unspaced Chinese reading by using sentences presented with different font sizes.
Given that Chinese is a language written without explicit word boundary and that, therefore, readers are assumed to segment words in the parafovea, we expect that visual acuity plays a more important role here than in alphabetic languages: When sentences are presented with larger fonts, the visual acuity drop might cause a lack of information about endings of the words to be fixated next. This situation, in turn, is likely to impede successful parafoveal word segmentation. As a consequence of such segmentation failures or delays, a large percentage of first-of-multiple fixations is expected to occur at the word beginning.
Method

Subjects
Forty-eight undergraduate or graduate students from Beijing Normal University with normal or corrected to normal vision (above 0.1 in E test for visual acuity), who were native speakers of Chinese, participated in the eye-tracking experiment. The 
Material
Subjects read 120 sentences from the Beijing Sentence Corpus (Yan, Kliegl, Richter, Nuthmann, & Shu, 2010) . The sentences were selected from a local newspaper, and some of them were slightly edited to avoid possible syntactic, semantic or word-boundary ambiguities. By manipulating the font sizes while keeping the viewing distance constant among conditions, four angular size conditions (0.4°, 0.7°, 1.4°, and 2.1° per Chinese character, corresponding to 12px-, 20px-, 40px-, and 60px-font respectively) were adopted in the present study.
Sentences used in this experiment were 15 to 19 characters in length (M=17.9, SD=1.2), corresponding to 7 to 12 words (M=9.7 SD=1.0). These sentences comprise 1158 tokens of 713 words (types); 6.7%, 85.7%, 5.6%, and 2.0% of the words (types) are one to four characters long, respectively. This word-length distribution is representative for Chinese sentences (Yu et al., 1985) . The number of strokes per word, which is a rough index of its visual complexity, varies form 2 to 42 (M=15.5, SD=5.5); the percentages of number of strokes in the range of 1 to 10, 11 to 20, and above 20 are 17%, 67%, and 16%, respectively. Word frequencies were taken from the Modern Chinese Word Frequency Dictionary (Beijing Language Institute Publisher, 1986) based on 1.2 million words. Occurrences of words varied from 1 to 65671 (M=577, SD=2945) per 1.2 million. The percentages of words with frequencies in the range of less than 10, 10 to 100, 100 to 1000, and above 1000 per million words are 15%, 37%, 39%, and 9%, respectively.
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Apparatus
Eye movements were calibrated and recorded binocularly with an EyeLink II system (500 Hz). Sentences occupied only one line on the screen and were presented one at a time at the 1/3 vertical position from the top of the screen of a 21-inch Dell P1130 CRT Monitor (1280×1024 resolution; frame rate 100 Hz) controlled by a P4 computer running at 2.8 GHz under a Windows XP environment. Subjects were seated 50 cm in front of the monitor with the head positioned on a chin rest.
Procedure
Subjects were calibrated with a standard nine-point grid for both eyes. After validation of calibration accuracy, a fixation point appeared on the left side of the monitor. If the eye tracker identified a fixation on the fixation spot, the fixation point disappeared and a sentence was presented such that the center of the first character in the sentence appeared at the fixation point position.
Subjects were instructed to read the sentences for comprehension, then fixate a dot in the lower right corner of the monitor, and finally press a button on a joystick to signal the completion of a trial. The sentence was replaced by an easy yes-no question pertaining to the current sentence on 28 trials (23%), which the participant answered with two different joystick buttons. These questions served primarily to ensure reading for comprehension. Participants correctly answered 93% of all questions (SD=6%); font size had no significant effect on accuracy (F(3, 141)=1.65, p>.1).
Subsequent to a response, fixation of a fixation point initiated presentation of the next sentence or a drift correction. The experimenter carried out an extra calibration if the Font size effects in Chinese reading 10 tracker did not detect both eyes within a pre-defined window of 1.5° by 1.5° around at the initial fixation point. The four font-size conditions (30 sentences in each) were blocked and counterbalanced over subjects and sentences.
Data analysis
Analyses were based on software originally developed for the analysis of the Potsdam Sentence Corpus reading data (e.g., Kliegl, Grabner, Rolfs, & Engbert, 2004) and further updated for the analysis of Beijing Sentence Corpus reading data Kliegl, Yan, Pan, Richter, Engbert, & Shu, 2010) . Fixations were determined with an algorithm for binocular saccade detection introduced by Engbert and Kliegl (2003) . In a slight modification, we fixed the threshold for saccade detection at a fixed value for each subject based on the mean threshold computed across the four experimental conditions. Sentences containing a blink or loss of measurement were deleted (i.e., 4%).
Analyses were based on fixations measured in the right eye. Fixations were horizontally allocated to zones representing 50% of a character. For example, a
Chinese two-character word comprises 4 zones, numbered from 1 to 4 sequentially.
First-and single-fixation durations as well as gaze durations with first-fixation durations shorter than 60 ms or longer than 600 ms were excluded, retaining 99% of all fixations. First-fixation duration is the duration of the initial fixation on a word irrespective of number of fixations on the word; single-fixation duration is the duration of fixation on a word that is fixated only once; gaze duration is the sum of all first-pass fixations on a word before making a saccade to another word.
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Results
Global analyses
In this section, we present the mean and standard deviation of reading speed (in number of characters per minute), absolute saccade amplitude (in pixels), relative saccade amplitude (in characters) and fixation duration (in milliseconds) in Table 1a , as well as percentage of different saccade types in Table 2a . Inferential statistics are based on planned comparisons (contrasts) between two neighboring font size conditions; they are reported in Table 1b and Table 2b . Estimates are from a linear mixed model (LMM) with crossed random effects for subjects and items using the lmer function of the lme4 package (Bates, Maechler, & Dai, 2008) ---Insert Tables 1 and 2 about here---Reading speed. The reading speed differed significantly between the three neighboring contrasts (Table 1b) (Table 1b) , replicating results from alphabetic reading studies (e.g., Morrison & Rayner, 1981) . However, relative saccade amplitude significantly decreased with increasing font size (Figure 1 and Table 1b ). We take this result as evidence for a variation of saccade types and saccade targeting as a function of font size.
---Insert Figure 1 about here---Fixation duration. The mean fixation duration also decreased with increased font size (Table 1b) , similar to relative saccade amplitude. The decrease of fixation duration with increased character angular size replicates results from alphabetic reading by Morrison and Rayner (1981) and Bullimore and Bailey (1995) .
Mean proportions for different saccade types
The significant difference in relative saccade amplitude reported above implied a variation of percentages of different types of saccades as a function of font size. 
Landing Position Analyses
Only data of two-character words were included in the following analyses due to the high percentage of words of this length in the experimental material and in
Chinese texts in general (Yu, Zhang, Jing, Peng, Zhang, & Simon, 1985) . 
Discussion
For spaced alphabetic script, relative saccade amplitude does not depend on font size. The main explanation for this invariance has been that an increase in the angular size of letters is compensated by a decrease of visual acuity with eccentricity. We considered it plausible that this invariance may (also) be due to the spaces between words that deliver precise information about parafoveal word boundaries for the entire range of usual font sizes. This assumption can be tested with reading of an unspaced writing system like Simplified Chinese. As expected, font size did matter in this case.
Thus, unlike in alphabetic reading, the relative saccade amplitude in Chinese reading is modulated by font size. We derived this prediction from a recent model about flexible saccade targeting . We will first discuss the implications of the present study for this model and then turn to their implications for other theoretical issues relating to eye-movement control in reading.
Visual acuity modulates saccade-target selection
While the effect of font size on reading speed has been widely discussed in the literature, little is known about how font size modulates eye-movement control in Obviously, visual acuity decreases with the eccentricity of parafoveal information. As long as a strong, above-threshold signal marks the end of the next word (such as a space between words in most alphabetic writing systems), low visual acuity about word endings may not be a serious problem for programming a saccade to the center of this word. Chinese readers, however, who must do without this salient word space signal, presumably compute word boundary on the basis of word or character frequency, taking into account how often they occur at the beginning or at the end of words . Thus, for them precise, high-acuity information about the end of the parafoveal word is critical for word segmentation.
Preventing readers from using such information decreases the possibility of selecting the word center as the saccade target and results in more first-of-multiple fixations at the word beginning.
Parafoveal Word Segmentation and Saccade Target Selection in Chinese Reading
We interpret the results from the present study as further evidence against the 'fixed length saccade strategy' proposed by S.-N. Yang and McConkie (2004; see also Yang & Vitu, 2007) who argued that word units do not serve as saccade targets.
According to this claim and given that most Chinese words are of similar length, the PVL in Chinese reading emerges as a consequence of saccades being programmed Similar to results from reading of alphabetic scripts (McDonald & Shillcock, 2004; Nuthmann & Kliegl, 2009; Rayner, 1979) , single-fixation PVL also located near the word center in Chinese reading, replicating also the results of Yan et al. (2010) . Moreover, in the present study, we were able to establish the word-centered PVL for four different font sizes. We submit this result as strong evidence for the proposition that readers of Chinese estimate/compute the position of the upcoming word in the parafovea and program a saccade to the centre of the selected word.
For two-fixation cases, the landing position distributions exhibited peaks at the word beginning in each font-size condition, replicating again previous results from unspaced text reading (Kajii et al., 2001; Rayner et al., 1998; Sainio et al, 2007; Yan et al., 2010) and reflecting word segmentation difficulty when reading unspaced texts . The result is consistent with our previous explanation that first-of-multiple fixations at the beginning of words are indicative of a default strategy of saccade-target selection when parafoveal word segmentation failed or was not completed in time .
In a recent study, Perea and Acha (2009) can use other information than an empty space to determine word boundaries for target selection. In the case of Chinese script, readers may also use other information than spaces, such as the frequency of character co-occurrence, to compensate for the lack of space between words in order to complete word segmentation in the parafovea (Richter, Yan, Engbert, & Kliegl, 2010) .
Results from the present study provide also some information about the role of visual complexity in parafoveal word segmentation. If the next word is of low visual complexity, parafoveal preprocessing increases the chance of successful word segmentation. In this case, readers are more likely to program a saccade that targets the word center, a position known to have the highest foveal processing efficiency (O'Regan and Lévy-Schoen, 1987) . Thus, word processing is likely to be completed in a single fixation. On the other hand, if the next word is visually complex, segmentation is likely to fail (or delayed beyond target selection). In this case, the default saccade is the word beginning and a refixation is more likely to follow, too.
Systematic saccadic range effect and random oculomotor error
A decrease of text-based, relative saccade amplitude with increasing font size is compatible with the so-called range effect (Kapoula, 1985; Kapoula & Robinson, 1986) , that is the observation that the amount of undershoot of saccade targets increases with the distance of the saccade target. For example, Miellet et al. (2009) presented text with gaze-contingent parafoveal magnification of font and argued that undershoots were more likely to occur in this condition because the saccade target was physically further away than during normal text reading. According to the range effect, more overshoots (intraword forward saccades) should be observed for 0.4 than 0.7 deg condition, and likewise, more undershoots (intraword backward saccades)
should be observed for 0.7 than 0.4 deg condition. However, neither the percentages of intraword forward nor backward saccades differed between 0.4 and 0.7 deg conditions. We explain these results as a consequence of equally valid information at the end of the to-be-fixated word for the two small font sizes. In these cases, visual acuity was unlikely to limit parafoveal word segmentation.
Refixations in alphabetic reading could be explained as a consequence of mislocated fixations default strategy for readers encountering parafoveal segmentation difficulty .
Conclusion
We propose that due due to the lack of spaces between words in Chinese script, confidence intervals.
